Introduction
Alfalfa (Medicago sativa L.) is a cross-pollinated autotetraploid forage legume. At present, this species is grown on more than 33 000 000 ha in the world and the main alfalfa-producing areas are central and eastern Europe, the Mediterranean basin and north America [27] . Variability for agronomic and morphological traits of alfalfa is frequently used in breeding programs for developing cultivars with a high forage production and quality, but seed-yielding ability has rarely been an important criterion in the early stages of selection programs. However, the ability of a cultivar to give a high seed yield determines its effective distribution to farmers at competitive prices. The seed yield of alfalfa is very low (250−400 kg⋅ha -1 ) compared to its high vegetative biomass, up to 8 000 kg⋅ha -1 [12] . According to Lorenzetti [24] , the theoretical seed yield potential in alfalfa calculated from the number of flowers and the number of ovules is 12 000 kg/ha, but the actual seed yield achieved under the most favorable conditions only reaches 4% of this seed yield potential. Many forage breeders expect a negative correlation between dry matter production and seed yield. However, such a negative correlation between production of dry matter and seed is difficult to demonstrate both in grasses [1] and legumes [23] . In alfalfa, a significant positive phenotypic correlation between seed and forage yield was observed by Boçsa and Buglos [4] and Melton [26] , while Heinrichs [15] found no relationship between seed yield and dry matter yield. A positive relationship may be due to architectural attributes such as tall and lodging tolerant stems which would enhance both characters [13, 22] . The phenotypic correlation between harvest index and seed yield is also highly significant [33] . Therefore, it should be possible to increase seed yield in alfalfa without a negatively correlated response on forage yield.
Knowledge of the extent of genetic variation for seed yield components remains an important step in alfalfa breeding programs [29] . Hacquet [14] reviewed the relationships between seed yield and its components in alfalfa across varieties and environments. He reported that seed yield was highly correlated with number of seeds per pod, number of inflorescences and number of pods per inflorescence. Seed yield components such as fertility (number of pods per 100 flowers), seed number per pod, mean seed weight, number of inflorescences and number of pods per inflorescence explained differences in seed yield among cultivars. They were used to develop selection criteria for breeding higher yielding cultivars or for selection of germplasm [5] . However, all of these studies evaluated few seed yield components related to the inflorescence itself. Crochemore et al. [8] and Julier et al. [17] have shown a large genetic variability for some morphological and agronomic characters associated with forage and seed yield and quality in alfalfa populations. Because of their genetic structure, the within-population variation was shown to be large for morphological and quality traits [18] as well as for molecular markers [7] . However, nothing is known about the genetic diversity available within the alfalfa populations for the seed yield and seed yield components.
The objectives of the present study were to evaluate genetic variation for seed yield and its components among and within a large range of alfalfa populations grown in a spaced plant design. Major emphasis was given to traits associated with the inflorescence. The possibility of exploiting genetic variation in breeding programs is discussed. Pollination was ensured by native pollinators, and was considered not to be a limiting factor. No irrigation or insecticide were applied during the reproductive development of the plants.
Among-population variation
In experiment I, 45 alfalfa populations of different genetic origins (Tab. I) were analyzed to determine the genetic variation for seed yield and its components. The populations were either varieties or local landraces and were chosen to cover a wide range of geographic origin in M. sativa ssp. sativa. The populations were classified into two groups of diversity, the cultivated Nordic types including the Flemish material and the cultivated Mediterranean types. The seeds were mechanically scarified to obtain a homogeneous germination. The seeds were germinated in Petri dishes placed for 48 h in a growth cabinet at 24 °C. The seedlings were then planted in a greenhouse. After 2 months in the greenhouse, the plants were clipped and transplanted into the field on 18 April 1994. The trial was established in a randomized block design with three replications. Each individual plot consisted of 30 random plants. In two consecutive years, 1995 and 1996, seed yield and yield components were analyzed during summer growth. The plots were cut on 14 June and 15 May in 1995 and 1996 respectively.
Within-population variation
For experiment II, in February 1997 11 of the original 45 populations of alfalfa (Tab. I) were selected to evaluate genetic variation among-and 
Plant Genetics and Breeding

Plant characteristics
In experiment I, seed yield and its components were evaluated in 1995 and 1996 on a plot basis. Prior to harvest, the number of plants per plot was counted. For the measurement of the yield components, the third inflorescence of the longest stem of each plant was sampled. For each plot, the inflorescences were weighed. The two basal pods from each inflorescence were sampled and threshed, and their seeds counted. From these data, the number of seeds per pod, the mean seed weight and the seed weight per pod were calculated. The rest of the inflorescences were threshed and the seed weighed. From these data, the following characters were calculated: seed weight per inflorescence, number of pods per inflorescence, number of seeds per inflorescence. The whole plot was then harvested with a combine and seed weight measured. The seed yield per plant was calculated from the seed yield per plot divided by the plant number per plot.
In experiment II, seed yield and its components were evaluated on an individual plant basis. At maturity, the first four inflorescences of the longest stem were collected and the first five pods of each inflorescence were sampled. These 20 pods were threshed and their seeds weighed and counted to calculate the number of seeds per pod, the seed weight per pod and the mean seed weight. The rest of the four inflorescences was threshed to determine the seed weight per inflorescence. After threshing the rest of the plant, the seed yield per plant was calculated as well as the numbers of seeds and inflorescences per plant.
Statistical analysis
Statistical analyses were carried out using procedures from the SAS program [30] .
In experiment I, analysis of variance (ANOVA) was performed with the population effect as random and the block effect as fixed. The model was:
where X ijk = phenotypic value observed of population i in year j for block k; µ = grand mean; P i = effect of population i; Y j = effect of year j; (PY) ij = population i × year j interaction; b k = effect of block k; ε ijk = residual error. Variance components were calculated using the VARCOMP procedure. The standard errors (SE) of variances of the random effects were estimated following Becker [3] as:
where MS i = mean square of effect i used to estimate the variance component g, f I = degrees of freedom corresponding to the effect i, k = coefficient of σ 2 g in E(MS g ). Broad-sense heritabilities were estimated: h 2 = σ 2 g /(σ 2 g + σ 2 gy + σ 2 e ) with σ 2 g = genetic variance, σ 2 gy = population × year interaction variance and σ 2 e = error variance. The standard error of these heritabilities [SE(h 2 )] was calculated using the equation of Becker [3] : SE(h 2 ) = {SE (σ 2 g )}/σ 2 p , where σ 2 p = phenotypic variance and σ 2 g = genotype variance. Phenotypic correlations were calculated using the CORR procedure from the mean data calculated across blocks for each population × year combination. Genetic correlations were calculated from variance-covariance matrices obtained by the multivariate analysis of variance (MANOVA) procedure for the genotype effects and year × population interaction.
The structure of genetic variation among the populations based on all the seed yield characteristics was analyzed using a principal component analysis (PCA) on the centred and standardized variates using the mean population value across the three replications and the two years.
In experiment II, populations and genotypes within populations were considered as random effects and the block effect as fixed in the ANOVA, performed with the GLM procedure. The model was: Y ijk = µ + P i + g(P) ij + b k + ε ijk , where Y ijk = phenotypic value observed of genotype j of population i for block k; µ = grand mean; P i = effect of population i; g(P) ij = genotype j within population i; b k = effect of block k; ε ijk = residual error. The variance components were calculated as in experiment I. Broad-sense heritabilities were estimated according to Gallais [10] as:
with σ 2 p = for among-population variance, σ 2 g(p) = for within-population variance and σ 2 e = error variance. Standard errors of the variance components and of the heritabilities were calculated as in experiment I. The phenotypic correlations were calculated on the mean of the genotypes across blocks. The genotype correlations were calculated from variance-covariance matrices obtained by the MANOVA procedure for the genotype effect and error term from an analysis of variance where no population effect was declared. This allowed all the genetic variation to be taken into account.
Results
Among-population variation
The ANOVA for the 45 cultivated populations is shown in Table II . It showed a highly significant population effect (P < 0.001) for all of the characters evaluated. The year effect was also highly significant for all the components, except for seed weight per pod and number of seeds per pod.
The year × population interaction effect was only found to be highly significant (P < 0.001) for seed yield per plant and number of seeds per plant. However, the population effect for these components remained significant when tested against the interaction. The populations which contributed the most to the year × population interaction were some of the Mediterranean populations which yielded poorly in the second year of seed harvest. Indeed, some of these populations with low autumn dormancy tended to produce weak plants with few fertile stems per plant.
The estimates of variance components and broad-sense heritabilities are shown in Table III . The population variance was larger than the year × population interaction variance for all the components evaluated. It contributed up to 14.4 and 15.2% of the total phenotypic variance, for seed yield and the number of seeds per plant respectively. A large error variance was observed for all the components, especially for the number of inflorescences per plant. This led to low broad-sense heritability values, which varied from 0.28 to 0.42. The highest heritabilities were observed for the seed yield per plant, the seed weight per inflorescence and the number of seeds per inflorescence. The lowest heritability was for the number of inflorescences per plant.
Phenotypic and genetic correlations for all the components evaluated are presented in Table IV . Seed yield per plant showed strong and positive Figure 1 . The correlations were significant except for the Nordic group in the first year of study. The phenotypic correlation between the seed weight per inflorescence and the seed yield was 0.30. The relationship between these traits displays a complex pattern, as shown over both years for the Nordic and Mediterranean groups in Figure 2 . The relationship was positive both for the Nordic and the Mediterranean groups in the first year of seed harvest, and remained significant for the Nordic group in the second year. The lack of relationship for the Mediterranean group in the second year was due to the poor growth of some populations, as stated above with regard to the year × population interactions. The number of inflorescences per plant had significantly negative phenotypic and genetic correlations with almost all the components except for seed yield per plant and seed number per plant. The seed weight per inflorescence was positively related at the phenotypic and genetic level with the number of seeds and pods per inflorescence. Traits concerning the pod were not correlated with seed yield. The number of seeds and seed weight per pod were positively related to seed weight per inflorescence or per pod. Mean seed weight was only related to seed weight per pod which reflects the narrow range of variation available for this trait. The PCA based on the nine seed yield traits tended to separate the Mediterranean populations from the Nordic group (Fig. 3) . Both groups were similarly distributed along the first axis which accounted for 48% of the total variation, but they were separated by the second axis which accounted for 31% of the total variation. More seeds per pod (3.85 versus 3.59) and a higher seed weight per pod (8.41 versus 7.56 mg) characterized the Mediterranean group, while the Nordic group had more inflorescences per plant (384 versus 286) and produced a higher seed yield per plant (40.75 versus 33.72 g).
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Within-population variation
The mean values for seed yield and seed yield components were lower in experiment II, where both the among-population and the withinpopulation variances were evaluated, compared to experiment I (Tab. V). This is likely due to the fact that the data for experiment II was collected in the first year after field transplantation and that the plants originated from rooted cuttings.
The results of the ANOVA are presented in Table II . The among-and within-population effects were significant (P < 0.001) for all the characters evaluated, except for the number of seeds per plant among-populations. The estimates of among-and within-population variance components and broadsense heritabilities are presented in the Table V. As in experiment I, the error variance was large for all the components evaluated. It accounted for 57 to 81% of the total phenotypic variance, depending on the character. The within-population variance was larger than the among-population variance for all the seed yield components. The within-population variance contributed from 69 to 95% of the genetic variance, the lowest value being found for the number of seeds per inflorescence and the highest for the number of seeds per plant. Seed yield per plant variation ranged from 9.37 to 18.32 g among populations and from 0.30 to 30.75 g within populations. Mean seed weight per inflorescence ranged from 61 to 93 mg among populations, and from 20 to 140 mg within populations (Fig. 4) .
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The broad-sense heritabilities for all characters were relatively low because of the large error variance. They varied from 0.27 to 0.43, the highest values being found for seed yield and number of inflorescences per plant. Phenotypic and genetic correlations between seed yield components are presented in Table IV . In general, estimates of the phenotypic and genetic correlations between all pairs of the nine seed yield characters measured on individual plants were similar. Phenotypic correlations showed that all the components were associated with seed yield, the correlations decreasing progressively according to the scale of the component under consideration. Thus, the highest correlations were found for the traits measured at the plant scale, and the lowest at the pod scale.
With respect to the genetic correlations, number of seeds per plant and number of inflorescences per plant also had the highest correlations with seed yield per plant. The number of inflorescences per plant was only positively correlated with seed yield per plant and number of seeds per plant. As in experiment I, the number of pods and seeds per inflorescence were positively related to the seed weight of inflorescences, the number of seeds and seed weight per pod were positively correlated with seed weight per inflorescence and mean seed weight with the seed weight per pod.
Discussion
Both experiments clearly showed a large among-population range of variation for all the seed yield components. Experiment II underlined that within-population variation was larger than the among-population variation. Julier et al. [18] found a large within-population variation compared to among-population variation for quality and morphological characters. They reported a within-population variation accounting for 31 to 70% of the total genetic variance for quality and 57 to 100% for morphological components. Similarly, Crochemore et al. [7] , using RAPD markers, found that within-population variation accounted for 50% of the total genetic variance. These large withinpopulation variations are similar to those reported for other tetraploid cross-pollinating species such as Trifolium pratense (Kongkiatngam et al. [20] ). The large within-population variation found in the alfalfa populations is a feature of outcrossing in natural populations or synthetic varieties [11] and underlines the broad diversity available for breeding populations.
The large range of variation found for seed yield the present experiments corresponds with values reported in the literature. While we found (among 214 genotypes with four replicates) a range of 0.30 to 30.75 g of seed per plant, Rausch [28] reported a range from 0 to 44 g of seed per plant measured on 1 301 individual plants of alfalfa. The within-population variation for seed yield and its components may have very diverse origins such as differences in male fertility [34] , female fertility [16] and ease of tripping [19] . As early as 1937, Bolton and Fryer [6] reported within-population variation for components related to seed yield.
In both the present experiments, the error variance contributed a major part of the phenotypic variance for all the characters. The error variance accounted for 43 to 70% of the phenotypic variance in experiment I depending on the characters and from 57 to 80% in experiment II. In both experiments, the mean seed weight had the largest error variance (66 and 80% of the total phenotypic variation for experiments I and II, respectively). These large proportions of error variance for mean seed weight correspond with a narrow range of genetic variation for seed size in cultivated alfalfa populations. To decrease the error variance, the sampling methods should be modified. The error variances tended to be larger in experiment II, except for the seed yield per plant and the number of seeds or inflorescences per plant. However, the mean values for these traits were much lower in experiment II. The larger error variances are related to sample size. Indeed, the sampling unit was four replicates of one plant (or 0.49 m 2 ) for the measurement of seed yield in experiment II and three replicates of 30 plants (or 7.35 m 2 ) in experiment I. For the assessment of seed weight per inflorescence, the sample sizes were three replicates of 30 inflorescences and four replicates of four inflorescences in experiments I and II respectively. Thus, the sample size should be adapted to the precision of the measurement required for breeding.
In experiment I, the population × year interaction was not significant for most components, and only accounted for the 14.4% of the total phenotypic variation for the seed yield per plant and 15.2% for the number of seeds per plant. Thus, population × environment interaction does not constitute an important factor in the estimation of variance components for most seed yield components when studied in a spaced plant design, and is unlikely to reduce the efficiency of selection programs.
Because of the large error variances, the broadsense heritabilities were low for all the studied characters, but similar in both experiments, except for number of inflorescences per plant. This later character showed the lowest heritability (0.28 ± 0.08) in experiment I, and the highest heritability (0.43 ± 0.10) in experiment II, because of the contrasting values of error variance. Seed weight per inflorescence had a high heritability in both experiments.
In general, seed yield per plant had high and positive phenotypic correlations with seed number per plant, inflorescence number per plant and seed weight per inflorescence. The genetic correlations between these components were also strong. Seed weight per inflorescence showed high positive correlations with the number of pods and the seed weight per pod and variation may be produced from these two sources. The negative correlation found between the number of seeds per inflorescence and the mean seed weight indicates that some biological compensation may occur.
Relationships between seed yield and some of the seed yield components analyzed here have been reported before in alfalfa. Taylor and Marble [32] reported that the number of inflorescences per plant was the most influential component of seed yield. Zambrana [35] reported that the number of seeds per plant was the main component of seed yield, and that relationships between seed yield and number of fertile stems, number of seeds per pod and number of inflorescences per plant were also high and positive. Hacquet [14] and Rosellini et al. [31] reported positive relationships between seed yield and number of seeds per pod, while Askarian et al. [2] and Kowithayakorn and Hill [21] found no relationship between seed yield and number of seeds per pod under various management regimes. In the present study, the relationships between these components were either non-significant (in experiment I) or very low (in experiment II). Little information is available in the literature regarding the number of inflorescences or racemes and above all the seed weight per inflorescence. Our results suggest that the inflorescence could be an interesting target to consider in breeding for seed yield in alfalfa.
Selection criteria must take into account both dense canopy and spaced plant conditions. Our studies were performed under a spaced plant design which is necessary for the assessment of individual plants. In dense canopies, competition among plants is more severe and the main factors limiting seed yield may be different. Numerous studies have reported the effects of canopy structure on the seed yield of alfalfa, mainly as an effect of row spacing and plant density [2, 9, 21, 25] . Under a spaced plant design, the number of fertile stems and inflorescences may be more variable, depending on the size of the individual plants as found in both of our experiments, while, in dense canopies, the number of fertile stems per unit area is likely to be more stable.
It will be of interest to evaluate, in dense canopies, components related to the inflorescence, and especially seed weight per inflorescence, in a range of genotypes and environmental conditions. Because of its ability to take into account compensation within the inflorescence and because of the large genetic variation reported both among and within alfalfa populations, seed weight per inflorescence could be an interesting selection criterion for seed yield. The number of seeds and inflorescences per plant could also be considered as potential selection criteria. However, the extent of their variation is likely to be very different depending on plant density and competition among plants or stems. Also, the assessment of these two traits on an individual plant basis is very time consuming.
